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Extreme winter weather events in North America cause severe damages to our 
society, such as the 2012-2015 megadrought in California and concurrent cold air 
outbreaks in the east coast. These events sometimes accompany a typical atmospheric 
pattern characterized by the amplified states of the wintertime North American 
ridge/trough regime (hereinafter North American Winter Dipole, or NAWD for short). 
Improving our understanding of this anomalous circulation regime contributes to 
enhanced predictability of weather extremes in North America, and ultimately mitigating 
the overall cost to society. Whereas persistent and frequent weather regimes are observed 
associated with the NAWD, a source of long-term memory for the NAWD is still 
obscure. In particular, atmospheric changes in the stratospheric circulation have a 
potential to provide the long-term memory through a dynamically coupled process, yet 
their impact on the NAWD remains uncertain. To identify the stratospheric impact on 
NAWD, this study examines a time-lag relationship between the stratospheric Polar 
Night Jet (PNJ) during November-December-January and the NAWD during the 





interfere in both the positive and negative phases, we find barotropic structures of zonal 
wind, meridional wind, and geopotential height anomalies throughout the stratosphere 
and troposphere, including the upper-troposphere around the NAWD region, suggestive 
of stratosphere-troposphere coupling. Furthermore, with the constructive interference of 
the negative phase, we find strong evidence for local downward propagation of 
meridional wind and geopotential height anomalies, suggesting localized downward 
propagation as a potential mechanism during the negative phase of the NAWD, which 
can potentially be used to enhance the predictability of the NAWD during this phase. On 
the other hand, when the PNJ and NAWD indices are in opposing phases, a connection 

























It has been well established in the literature that the stratosphere is dynamically 
coupled with the troposphere during boreal winter. The North American Winter Dipole is 
comprised of an upper-tropospheric contrast between a ridge over western North 
America, and a trough over eastern North America. The variance of this circulation 
regime has increased in recent years, with its amplified states being associated with 
extremes ranging from drought and floods, to extreme cold air outbreaks. This study 
explores the stratospheric link to this extreme weather regime, in the hopes of ultimately 
improving the predictability of this regime on intraseasonal-to-seasonal timescales. We 
find evidence for barotropic coupling between the stratospheric and tropospheric 
circulation in the vicinity of the North American Winter Dipole when the phase of the 
stratospheric perturbation associated with the Polar Night Jet (or Stratospheric Polar 
Vortex), constructively interferes with its tropospheric counterpart associated with the 
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 Until the 2016/2017 rainy season came along, California was in the midst of one 
of its most exceptional droughts in recent history. According to Diffenbaugh et al. (2015), 
the primary physical factor behind the significant precipitation deficits throughout the 
state was this persistent area of high atmospheric pressure off the Pacific Northwest coast 
that stretched for thousands of miles, resulting in large-scale dilations in the atmosphere 
above, successive ridging, and ultimately the deflection of incoming winter storms 
poleward. This remarkable drought had massive impacts on the state ranging from 
mandatory water use restrictions to disruptions of local ecosystems, and even to the 
fruition of large and long-lived wildfires that ravaged the state (Williams et al. 2015). 
Through the close examination of NOAA instrumental records and quantile mapping of 
NADA tree-ring records, Robeson (2015) found that the 2012-2014 drought was nearly a 
1 in 10,000 year event, with the 2012-2015 drought having an “incalculable return 
period” (Robeson, 2015, p.1), alongside being “completely without precedent” (Robeson, 
2015, p.1). It should also be noted that when California was in the height of the drought 
in 2014, the Central and Eastern United States were being bombarded by back-to-back 
cold spells (termed the Polar Vortex by the media), resulting in a nearly 5 billion dollar 
hit on the US economy, and in the process breaking nearly 50 daily record-low 
temperatures in a short span of time (Wang et al. 2015). According to Lee et al. (2015), 
this anomalously cold winter was likely the result of the combination of abnormally 
warm sea surface temperatures in the tropical western Pacific and extratropical Pacific, 





2016/2017, the record-breaking drought conditions in the west coast flipped over to 
record-breaking deluge settings, leading the governor of California to declare yet another 
state of emergency for the state, this time however for extreme precipitation and resultant 
flooding (Wang et al. 2017). The deluge was so intense that water poured over the Lake 
Oroville emergency spillway for the first time in history (Wang et al. 2017), and nearly 
200,000 people were evacuated just north of Sacramento due to imminent fears from 
officials that the emergency spillway was on the brink of failure (KRCRTV, 07 February 
2019). 
 The climatic anomalies mentioned above are likely associated with an 
amplification of the dominant mean-state wintertime mid to upper tropospheric 
circulation pattern over North America. This climatological stationary wave arrangement 
is comprised of an upper level ridge over western North America and a trough 
downstream over eastern North America (Blackmon et al. 1977; Chien et al. 2019; 
Stuivenvolt Allen and Wang 2019; Wang et al. 2017), effectively separating the 
climatologically warmer west from the colder east (Wang et al. 2014, 2015, 2017). These 
stationary waves, which are responsible for the zonally asymmetric circulations in the 
Northern Hemisphere, primarily arise from extratropical land-sea temperature contrasts, 
large-scale orography such as the Tibetan Plateau and the Rocky Mountains, and tropical 
diabatic heating (Inatsu et al. 2002; Nigam et al. 1988; Park et al. 2013), for which their 
respective amplifications have been sourced to a plethora of linear and nonlinear 
coexisting mechanisms. The climatologically favored stationary wave regime over North 
America can be amplified by internal dynamic processes, local surface temperature 





2015). Furthermore, it is believed that the leading mode of stationary wave variability in 
the Northern Hemisphere has gone through a dramatic change since the 1980’s, from a 
pattern that resembled the Pacific North American (PNA) to the North American Winter 
Dipole, or NAWD (Chien et al. 2019). By increasing our understanding of this 
anomalous circulation regime, the predictability of the aforementioned extremes can be 
improved through a better understanding of the dynamics behind the fruition of these 
anomalous events, ultimately mitigating the overall cost to society. 
 Furthermore, there currently remains a lack of research looking at the ridge-
trough pair as a connected entity, with the majority of studies focusing separately on 
either the foundations of the persistent ridge in the west (Francis and Varus 2012; 
Overland et al. 2016; Shulte and Lee 2017) or the trough in the east (Chen and Luo 2017; 
Kretschmer et al. 2016), rather than considering their concurrent manifestation (Singh et 
al. 2016). The studies that do consider their simultaneous occurrence suggest 
teleconnective influences from Sea Surface Temperature (SST) anomalies in the western 
Pacific (Chien et al. 2019; Hartmann 2015; Wang et al. 2014), anomalous Arctic sea ice 
conditions, especially in the North Pacific side of the Arctic (Francis et al. 2015; Kug et 
al. 2015), and extratropical Pacific (Lin et al. 2017). Expanding on the stratospheric side, 
it is well established in the literature that the lower and middle atmosphere are 
dynamically coupled during northern hemispheric winter (Kidston et al. 2015), and 
processes that have been proposed include downward propagation of zonal-mean 
anomalies (Baldwin and Dunkerton 1999, 2001; Kuroda 2008; Marshall and Scaife 2010; 
Plumb and Semeniuk 2003), tropospheric modulation through stratospheric potential 





downward wave coupling through planetary wave reflection (Kodera et al. 2016; 
Kretschmer et al. 2018; Lubis et al. 2016, 2017, 2018a; Perlwitz and Harnik 2003, 2004; 
Shaw et al. 2010; Shaw and Perlwitz 2013), and even downward propagation of 
stratospheric initial conditions devoid of any major perturbations such as major Sudden 
Stratospheric Warming (SSW) events (Nie et al. 2019). 
 In this study we examine the relationship between the stratospheric flow and the 
NAWD from 1979-2018, to stay consistent with the observation that the leading mode of 
stationary wave variability is believed to have changed around 1980 (Chien et al. 2019), 
and to utilize the Reanalysis II dataset which includes pertinent satellite observations 
(Kanamitsu et al. 2002). Although stratospheric impacts on the North American upper-
tropospheric circulation regime has been studied before, the main area of focus has been 
on much shorter timescales, ranging from days to weeks while this study utilizes monthly 
data at seasonal timescales NDJ and DJF, noting that the tropospheric response to the 
stratospheric forcing is believed to share qualitative similarities across all temporal 
scales, ranging from weekly to centennial (Kidston et al. 2015). Furthermore, this study 
implements the use of a Dipole Index (DI) similar to Wang et al. (2017), i.e. an index 
based off of the 250mb geopotential height in both the western ridge and eastern trough 
components over North America, in an attempt to explain two centers of action at once. 
Finally, by separating our data into composite groups representing two distinct sets with 
one set having DI and the stratospheric perturbation in-phase with the other being out of 
phase, we hope to distinguish the two sets into one suggesting stratosphere-troposphere 
coupling in the vicinity of the NAWD, and the other into one that does not. To 





associated with the NAWD, 2) the stratosphere-troposphere relationship, and 3) 
downward migration of stratospheric anomalies. 
 In the rest of this document we will introduce our Introduction, Data and 
Methods, Results, and concluding Summary and Discussion in standard submittable-








STRATOSPHERIC FORCING OF THE NAWD 
 
 
2.1  Introduction 
 The North American Winter Dipole (NAWD) represents the amplified states of 
the dominant wintertime stationary wave regime over North America. Comprised of an 
upper-tropospheric contrast between a ridge over western North America and a trough 
downstream over eastern North America (Blackmon et al. 1977; Chien et al. 2019; 
Stuivenvolt Allen and Wang 2019; Wang et al. 2017), the NAWD effectively separates 
the climatologically warmer west from the colder east (Wang et al. 2014, 2015, 2017). 
The variance of this regime has increased in recent years (Swain et al. 2018; Wang et al. 
2017; Yoon et al. 2015), which links with severe natural disasters such as California’s 
record-breaking 2012-2015 drought (O’ Brien et al. 2019), extreme cold air outbreaks in 
the east (Wang et al. 2014), and even the early 2017 California floods (Wang et al. 2017). 
To mitigate the overall economic and societal impacts, it is required to advance our 
understanding of the dynamics of this anomalous weather regime and improve its 
predictability on intraseasonal-to-seasonal timescales. 
 The proposed mechanisms of this abnormal atmospheric regime can be 
categorized into originating from three regions: Pacific, Arctic, and stratosphere. 
Observational and modeling studies (Chien et al. 2019; Hartmann 2015; Wang et al. 
2014) demonstrate that anomalous sea surface temperatures (SST’s) in the western 
Pacific can influence atmospheric pressure variability over the ridge region associated 
with the NAWD, through atmospheric Rossby wave propagation emanating from the SST 





the North Pacific can then promote downstream troughing over eastern North America 
(Hartmann 2015) through Rossby wave energy dissemination downstream of the 
anomalous ridge (Chien et al. 2019; Wang et al. 2014), which is to be distinguished from 
both the Pacific North American (PNA) and North Pacific Oscillation (NPO) patterns 
(Lin et al. 2017). Appending an Arctic perspective to the picture, Francis et al. (2015) and 
Kug et al. (2015) show that anomalous warming in the East Siberian and Chukchi Seas 
associated with reduced sea ice conditions favor local development of an amplified mid 
to upper tropospheric ridge in the Northeast Pacific, and subsequent downstream 
troughing over eastern North America (Overland et al. 2015). However, although Kug et 
al. (2015) focuses explicitly on regional sea ice influences, Francis et al. (2015) reveals 
that a sudden switch to a positive Pacific Decadal Oscillation (PDO) in late 2013, which 
also favors ridging along the northwestern seaboard, constructively interfered with 
reduced sea ice conditions in the Chukchi Sea to further amplify the anomalous ridge and 
subsequent trough during the winters of 2013/2014 and 2014/2015. Other studies strictly 
argue a complex stratospheric pathway where low autumn sea ice (Kim et al. 2014; 
Nakamura et al. 2015), or low autumn sea ice working in conjunction with rapid Eurasian 
snow cover advance in autumn (Cohen et al. 2013, 2014; Handorf et al. 2015), favor a 
negative North Atlantic Oscillation (NAO)/ Arctic Oscillation (AO) during winter which 
can force a southward shift of the tropospheric jet upstream over North America (Lee at 
al. 2015; Singh et al. 2016). The other less-understood stratospheric pathway is through 
planetary wave reflection where downward-reflected planetary waves over Canada favor 
troughing in that region (Kodera et al. 2008; Kretschmer et al. 2018b), paired with 





 Since the stratosphere is more resilient to inherent weather noise than the 
troposphere, the stratospheric circulation can potentially prove a useful source of NAWD 
predictability at longer timescales. However, the physical processes of exactly how the 
stratospheric circulation affects the NAWD are still under debate (Kidston et al. 2015). 
By increasing the vertical resolution of the stratosphere in an atmospheric general 
circulation model, operational weather forecast centers demonstrate that the 
comprehension of the stratospheric circulation is beneficial for improving weather and 
climate forecasting skills on monthly-to-seasonal timescales (Baldwin et al. 2003; Gerber 
et al. 2012; Hardiman et al. 2012; Scaife et al. 2012; Seviour et al. 2013). The skill 
improvements are prominent, particularly after a major Sudden Stratospheric Warming 
(SSW) event. After an SSW, the Stratospheric Polar Vortex (SPV) can be destroyed, 
causing significant changes in zonal-mean zonal wind anomalies. These stratospheric 
zonal-mean zonal wind anomalies propagate downward slowly, impacting tropospheric 
and surface weather patterns over the following 1-2 months (Cohen et al. 2014; 
Hitchcock and Simpson 2014; Kidston et al. 2015; Mitchell et al. 2013; Nakagawa and 
Yamazaki 2006; White et al. 2019), generally favoring a negative NAO and AO which 
can force a southward shift of the tropospheric jet upstream over North America (Lee at 
al. 2015; Singh et al. 2016), consistent with the signal normally observed during a 
negatively amplified NAWD. These descending anomalies have been evaluated in the 
context of the Northern Annular Mode (NAM) (Baldwin and Dunkerton 2001; Charlton 
and Polvani 2007), extratropical zonal-mean zonal wind anomalies (Plumb and Semeniuk 
2003), and Polar Cap Height (PCH) (Cohen et al. 2018; Kim et al. 2014). Baldwin and 





states trigger downward-propagating signals of negative (positive) NAM index. These 
downward-propagating signals contribute to the longer persistence of NAO- or AO-like 
tropospheric circulation patterns for 1 month (Kodera and Koide 1997; Kodera et al. 
1999; Nie et al. 2019). Nie et al. (2019) shows downward propagation of initial 
conditions independent of any major perturbations such as SSW’s, with positive 
(negative) initial stratospheric zonal-mean zonal wind anomalies ultimately associated 
with a positive (negative) NAO in the troposphere. However, the correlation between the 
magnitude of the SPV perturbation and tropospheric circulation anomalies is still weak 
(Runde et al. 2016), and the downward-propagating anomalies from the stratosphere 
often fail to penetrate into the troposphere (White et al. 2019). As a result, the 
stratospheric impacts on the NAWD are obscure and uncertain.  
  This study aims to identify the physical process of how the stratospheric 
circulation affects the localized upper-tropospheric circulation associated with NAWD. In 
particular, we examine 3 main focal points: 1) vertical structures associated with NAWD, 
2) the stratosphere-troposphere relationship, and 3) downward migration of stratospheric 
anomalies. In the rest of this thesis we will introduce our data and methods in section 2, 
followed by presenting our results in section 3, with a summary and concluding 
discussion in section 4. 
 
	2.2		Data	and	methods	
 The dataset used in this study to accomplish our objectives was the 1979-present 
monthly NCEP-NCAR reanalysis II dataset (Kanamitsu et al. 2002), consisting of 17 
vertical levels from 1000-10mb at 2.5° x 2.5° resolution. Not only does this dataset 





pertinent to stratosphere-focused analyses. Similar to Wang et al. (2014, 2015, 2017), we 
began with defining a Dipole Index (DI) to narrow our focus on the wintertime mid to 
upper tropospheric stationary wave regime over North America, and thus to attempt to 
explain two centers of action at once. We did this by taking the area-averaged 250mb 
geopotential height at 225-230°E and 50-55°N and subtracting it by the height at 280-
285°E and 55-60°N, or roughly the region of the climatological stationary ridge and 
trough, respectively. For the depiction of stratospheric circulation, we began with 
defining a Polar Night Jet Index (PNJI) similar to Kodera and Koide (1997) and Kodera 
et al. (1999), by taking the full vertical column (1000-10mb) zonal-mean zonal wind 
anomalies at 65°N, or roughly the latitude where the strongest stratospheric zonal winds 
associated with the PNJ are found during boreal winter (Butler and Gerber 2018). By 
correlating these two indices, we determined that PNJI leads DI, and accordingly 
assembled a normalized scatter plot between the 30mb (altitude of highest correlation) 3-
month averaged November/December/January (NDJ) PNJI on the x-axis, and 
December/January/February (DJF) DI on the y-axis, to separate the data into groups we 
hypothesized would exhibit enhanced stratosphere-troposphere coupling, and those that 
would not. It should be noted that our results are not highly dependent on the exact 
stratospheric height chosen for the scatter plot, as the general 30-100mb range is believed 
to be strongly coupled with tropospheric variability (Baldwin and Dunkerton 2001; Lubis 
et al. 2018b; Martineau and Son 2015).  
 Following this, we separated our data into 4 composite groups (PNJ+DI+, PNJ-
DI-, PNJ-DI+, and PNJ+DI-), where + (-) notation denotes a stronger (weaker) anomaly, 





atmospheric circulation associated with stratospheric variability, we examined horizontal 
structures of geopotential height and meridional wind anomalies, and vertical structures 
of meridional and zonal wind anomalies, with the latter being specific to what we used to 
define as the 1000-10mb full vertical column DI region (area-averaged geopotential 
height from 225-285°E and 50-60°N), based off of the parameters implemented to 
designate DI. 
 After showing barotropic vertical structures in the vicinity of the NAWD for the 
two composite groups representing PNJI and DI in phase (PNJ+DI+ and PNJ-DI-), 
contrasted with baroclinic vertical structures for the two groups out of phase (PNJ-DI+ 
and PNJ+DI-), this then led to our second focal point of investigating barotropic 
instability. We initially went beyond the DI region for this section by taking the zonal-
mean zonal wind anomalies for each of our four composite groups from 0-90°N. We 
followed this with horizontal expansions of the zonal wind anomalies in both the 
stratosphere and troposphere, to better visualize meridional wind shear of zonal wind 
anomalies on top of the baroclinicity of the vertical structures for each of our four 
composite groups. By vertically integrating for the entire column we could then 
simultaneously attain a better picture of both. We topped this off with taking time-altitude 
expansions of zonal-mean zonal wind anomalies from October through March in both the 
25-35°N and 50-60°N latitudinal bands. It should be noted that the monthly data used in 
this section and for the rest of the time-altitude expansions was reorganized to remove 
leap days. 
 For the final focal point, or downward propagation of stratospheric anomalies, we 





zonal wind, meridional wind, and geopotential height anomalies for each of the four 
composite groups. Concerning geopotential height however, instead of taking area-
averaged heights in the entire DI region (225-285°E and 50-60°N) as the anomalies 
cancel out in the troposphere, we separated them into the western and eastern Dipole 
components, or wDI and eDI respectively, with each region represented by the respective 
5°x5° grid box used to calculate Dipole Index. 
 
2.3  Results 
 
2.3.1  Vertical structures associated with the NAWD 
 Figure 1 shows the vertical structures for detrended correlations between zonal-
mean zonal wind and DI. Statistically significant correlations at the p=0.05 level were 
observed for both NDJ (Fig.1a) and DJF (Fig. 1b) zonal-mean zonal wind with DJF DI. 
More specifically, strong negative correlations were seen around the 30°N mark, or 
roughly where the peak of the zonal-mean zonal winds are found in the troposphere, with 
statistically significant positive correlation values observed in the upper mid-latitudes, or 
roughly the 45-65°N region. It is interesting to note that for NDJ zonal-mean zonal wind 
(Fig. 1a), the statistically significant positive correlation at roughly the 60°N mark, or 
peak of the SPV winds, is more widespread in the troposphere and stretches up higher 
into the stratosphere than it does for the DJF zonal-mean zonal wind correlation map 
(Fig. 1b). Regardless, both Fig. 1a, b contains a statistically significant, barotropic 
positive correlation relationship between zonal wind and DI in the latitudinal region that 
we used to calculate DI, suggesting a SPV connection to the NAWD. Expanding on this 
further, we then tightened up the focus on the stratospheric side by correlating the zonal-





the peak strength of the wintertime SPV is found roughly at this latitude (Butler and 
Gerber 2018), and to stay consistent with other studies (Kodera and Koide 1997; Kodera 
et al. 1999). 
 Figure 2 displays the 1979-2018, 1000-10mb vertical lead-lag correlation map 
between the seasonally varying, in OND/NDJ/DJF stratospheric PNJ Index, or seasonally 
varying zonal-mean zonal wind at 65°N (hereinafter Polar Night Jet Index or PNJI), when 
it is both leading and lagging DI. PNJI varies in Fig. 2a, and DI varies in Fig. 2b. We 
took the zonal-mean zonal wind at 65°N, as this is roughly where the aforementioned 
peak winds of the Stratospheric Polar Vortex (SPV) or Polar Night Jet (PNJ) are found. 
Whether PNJI is varying (Fig. 2a), or DI is varying (Fig. 2b), PNJI leads DI with the 
highest correlations in the stratosphere at roughly the 20-50mb range. Our main point is 
that highest correlation value of positive 0.34 was found when the stratospheric index 
associated with the SPV leads our tropospheric DI by 1 month at about 30mb, 
(represented by the orange dots), potentially implying that the stratospheric circulation 
plays a role in forcing DI. We also conducted the same correlation analysis with 
detrended data to check for consistency, with the differences found to be small and 
negligible (figure not shown here). Furthermore, although the correlation wasn’t 
particularly high, it is still statistically significant at the 95% or p=0.05 level. If the 
correlation was really high, this would imply that the stratospheric circulation has a high 
impact on the NAWD. Our correlation value of positive 0.34 however, implies that the 
stratosphere isn’t the dominant forcing on a year-to-year basis. Given the lower 
correlation, we separated our data into four quadrants, to look at the years where we had 





2.3.2  Stratosphere-troposphere relationship 
 We did this by compiling Fig. 3, which displays the normalized scatterplot of the 
30mb NDJ PNJI (x-axis) and DJF DI (y-axis), for all data points from 1979-2018. We 
separated them into 4 categories representing 4 extremes, with a threshold of 0.5 STD’s 
for DI and PNJI each. We hypothesized that the two most important quadrants for 
visualizing localized coupling between the NAWD and the stratospheric circulation 
would be the top right and bottom left quadrants, hereinafter PNJ+DI+ (++) and PNJ-DI- 
(--) respectively. The other two quadrants represent DI and PNJI indices when these 
circulation features are out of phase with one another, with the top left corresponding to 
PNJ-DI+ (-+) and bottom right representing PNJ+DI- (+-).  
 We suspected that we would observe enhanced evidence for localized coupling 
between DI and PNJ for the two quadrants where PNJI and DI are in phase with one 
another, while we would not when DI and PNJI are out of phase. To test this, we then 
compiled 4 composite groups representing one per quadrant and conducted various 
analyses with various pertinent variables; first of which being a horizontal composition of 
geopotential height anomalies paired with real wind anomalies at both the 250mb and 
30mb levels for each composite group. We took NDJ geopotential height anomalies at 
30mb because this was part of our stratospheric layer from Fig. 2 for which we 
hypothesized that the circulation would lead DI, alongside being the height where we 
observed our highest correlation values. We took DJF geopotential height anomalies at 
250mb for our tropospheric layer because this was the height and seasonal period, we 
used to define DI. 





stratosphere and the troposphere is to look for an equivalent barotropic vertical structure. 
Examining first the PNJ+DI+ composite at the 250mb level (Fig. 4b), we observed 
positive geopotential height anomalies in the western component of the dipole 
(hereinafter wDI), and negative geopotential height anomalies in the trough component of 
the dipole (hereinafter eDI). For there to be an equivalent barotropic vertical structure, we 
were looking for a same-phase signal between the tropospheric and stratospheric 
counterparts for whatever variable we are examining. Looking at the 30mb level for NDJ 
(Fig. 4a), we observed a dipole-like structure with negative geopotential height anomalies 
associated with a stronger SPV in the polar regions, and higher geopotential height 
anomalies everywhere else, or otherwise a positive stratospheric AO/NAM (Arctic 
Oscillation/Northern Annular Mode) signal. Furthermore, now taking both stratospheric 
and tropospheric levels into account (Fig. 4a, b), we saw an equivalent barotropic 
structure for eDI, but not wDI. For the PNJ-DI- composite (Fig. 4c, d), a very similar 
pattern was prevalent, but now with an opposite signal. The main difference between 
these two composites is that there now is an equivalent barotropic structure for wDI as 
well although weak, instead of just for eDI.  
 For PNJ-DI+ (Fig. 4e, f), or the first composite group where our PNJI and DI 
indices are out of phase with one another, the stratospheric signal was out of phase with 
the tropospheric one, with 30mb NDJ geopotential height anomalies near 0 for both the 
wDI and eDI regions (Fig. 4e), and with positive (negative) geopotential height 
anomalies for wDI (eDI) at the 250mb level (Fig. 4f); as would be expected with a 
positively amplified NAWD. Regarding the PNJ+DI- composite group (Fig. 4g, h), the 





compared to our PNJ-DI+ composite (Fig. 4f), which is in line with what’s expected with 
a negatively amplified dipole. In the stratosphere (Fig. 4g), we observed positive 
geopotential height anomalies in both the wDI and eDI regions, meaning our eDI 
geopotential height anomaly was in phase inside both the stratosphere and troposphere 
(Fig. 4g, h). However, something interesting to note is that for our two composite groups 
where PNJI and DI are in phase with one another (Fig. 4a-d), it is the geopotential height 
anomaly due directly to either a stronger or weaker SPV in the core polar region itself 
that is in phase with our tropospheric counterpart in the eDI region, while for PNJ-DI+ 
(Fig. 4e, f) and PNJ+DI- (Fig. 4g, h) this is clearly not the case. This is better observed by 
examining the geometry and tilt of the SPV for each of the composites at the 30mb level 
(Fig. 4a, c, e, g).  
 A similar geometric pattern was observed for the two composites where PNJI and 
DI are in the same phase (Fig. 4a, c) with a slight tilt, a symmetrical and circular pattern 
for PNJ-DI+ (Fig. 4e), and a highly amplified tilt in the PNJ+DI- composite (Fig. 4g). 
Furthermore, we know from geostrophic balance that the zonal geopotential height 
gradient is equivalent to the meridional wind, and for all of the composites at the dipole 
level (Fig. 4b, d, f, h) we observed a discernable meridional wind anomaly based off of 
the gradient of the height anomalies and the real wind anomaly vectors themselves, while 
in the stratosphere (Fig. 4a, c, e, g) we saw a different story. Here for PNJ+DI+ (Fig. 4a) 
and PNJ-DI- (Fig. 4c) a gradient was noticed between our wDI and eDI regions, implying 
meridional wind anomalies, which was supported by our real wind anomaly vectors in the 
plot. For PNJ-DI+ at the stratospheric level (Fig. 4e) we saw almost no geopotential 





anomalies, supported by our real wind anomaly vectors in the plot. Then for PNJ+DI- at 
the stratospheric level (Fig. 4g) we had positive geopotential height anomalies in both the 
wDI and eDI regions with very little gradient in-between the two, implying very small (if 
any) meridional wind anomalies, which again was supported by our real wind anomaly 
vectors in the figure. The main point to take away is that we observed an equivalent 
barotropic vertical structure for PNJ+DI+ (Fig. 4a, b) and PNJ-DI- (Fig. 4c, d) in the 
vicinity of the NAWD, and a baroclinic structure for PNJ-DI+ (Fig. 4e, f) and PNJ+DI- 
(Fig. 4g, h). To further our investigation, we then examined horizontal compositions of 
the full column (1000-10mb) vertically integrated DJF meridional wind anomalies from 
the 1979-2018 climatology for each of our four composite groups. 
	 In the two composite groups where PNJI and DI are in-phase with one another 
(Fig. 5b, c), we examined a same-signed signal in-between our wDI and eDI regions, 
while we did not for the other two composite groups where PNJI and DI are out of phase 
with each other (Fig. 5a, d). More specifically, we witnessed relatively uniform positive 
(negative) meridional wind anomalies in-between the wDI and eDI regions for the PNJ-
DI- (PNJ+DI+) composite groups, indicative of a less (more) amplified north-south flow, 
and in-line with what would be expected with a negatively (positively) amplified DI (Fig. 
5b, c). This is furthermore indicative of a barotropic vertical structure and in line with 
Fig. 3a-d. 
 Compare this with PNJ-DI+ (Fig. 5a) and PNJ+DI- (Fig. 5d), where both positive 
and negative meridional wind anomalies were observed in-between our wDI and eDI 
regions, pointing towards a baroclinic vertical structure and thus in line with Fig. 4e-h. 





region when the phases of our two indices constructively overlap in both the positive and 
negative phase, with baroclinic structures, and thus a lack of coupling evident during the 
destructive interference of our two indices. However, taking the mass-weighted vertical 
integration from 1000-10mb blends in height levels such as 250mb and 30mb, which are 
individually more relevant to the stratospheric and tropospheric circulation respectively, 
in the understanding of the coupling between the SPV and NAWD. Thus, to further our 
investigation, we then examined 1000-10mb vertical compositions of meridional wind 
anomalies directly in the dipole region itself (area-averaged between 225-285E and 50-
60N) for each of the four composite groups. 
 Figure 6 shows vertical compositions of meridional wind anomalies from the 
1979-2018 climatology for NDJ (Fig. 6a) and DJF (Fig. 6b), in our DI region for each of 
the four composite groups. In accordance with one of the signals of localized coupling, 
we expected to see an equivalent barotropic vertical structure characterized by a same-
phase signal in both the stratosphere and troposphere for our PNJ+DI+ and PNJ-DI- 
composite groups, and a baroclinic structure characterized by an opposite-phase signal in 
the PNJ-DI+ and PNJ+DI- composite groups. In Fig. 6a this was clearly observed for 
PNJ-DI- more than it was with PNJ+DI+ , with positive (negative) meridional wind 
anomalies slowly increasing in magnitude from the surface to the tropopause with the 
PNJ-DI- (PNJ+DI+) group, then increasing (decreasing) in magnitude as you moved 
further up into the stratosphere. The vertical structure of both composites was still 
barotropic, but the signal for PNJ+DI+ clearly wasn’t as strong, especially as you moved 
further up in height, with the magnitude of the negative anomaly slowly decreasing in the 





 Compare this with the PNJ-DI+ and PNJ+DI- composites (Fig. 6a), or orange and 
cyan lines respectively, where we observed baroclinic vertical structures for both 
composite groups, corresponding to tropospheric meridional wind anomalies in our 
dipole region being out of phase with their stratospheric counterparts. Furthermore, blue 
and cyan lines represent a negative dipole phase and pattern in the troposphere, while red 
and orange lines represent a positive dipole pattern. With a positive dipole we expect 
negative meridional wind anomalies in the dipole region as the steepness of the north to 
south flow increases in accordance with geostrophic balance, as we are high up in the 
troposphere and the impeding effects of friction from the surface on our general flow are 
negligible. With a negative dipole we expect to see the opposite signal with positive 
meridional wind anomalies as the north to south flow decreases, once again in accordance 
with geostrophic balance. When PNJI and DI are out of phase in the stratosphere, we 
observed that the lines representing both PNJ-DI+ and PNJ+DI- began to curve away 
from the direction that they were increasing in while inside the troposphere (overall 
magnitude of the meridional wind anomaly decreases), indicative of a baroclinic 
structure. 
 In Fig. 6b our results were significantly more in line with what we would expect 
them to be in accordance with Figs. 4 and 5. For the PNJ+DI+ (PNJ-DI-) composites, 
meridional wind anomalies decreased (increased) with height up until the tropopause. In 
the stratosphere the magnitude of the meridional wind anomalies for PNJ+DI+ stayed 
rather constant with height before slightly decreasing above 30mb, while for PNJ-DI- the 
magnitude consistently increased with height. Nevertheless, an equivalent barotropic 





are out of phase, where we observed baroclinic vertical structures for both composite 
groups, with anomaly magnitudes increasing up until the tropopause, before steadily 
declining and changing phase around the 30mb mark. It should be noted that in the 
troposphere we expected PNJ-DI+ to look most similar to PNJ+DI+, and PNJ+DI- to 
PNJ-DI- regardless of coupling, because of the same-signed Dipole Index. The final point 
here is that we indeed did see that equivalent barotropic vertical structure when PNJI and 
DI are in phase, while we did not when they are out of phase, consistent with our results 
from Figs. 4 and 5. Next, we conducted the same analysis as Fig. 6 but with zonal wind.  
	 Starting with PNJ+DI+ (PNJ-DI-), we saw increasing positive (negative) anomaly 
magnitudes in the troposphere that continued increasing all into and throughout the 
stratosphere (Fig. 7a), indicative of an equivalent barotropic vertical structure. Compare 
this to PNJ-DI+ (PNJ+DI-), where anomaly magnitudes were positive (negative) in the 
troposphere, then changed directions around the tropopause, becoming increasingly more 
negative (positive) in the stratosphere (Fig. 7a), indicative of a baroclinic vertical 
structure.  
 For Fig. 7b, we observed something similar again with PNJ+DI+ (--) with zonal 
wind anomalies increasing (decreasing) with height, once again indicative of a barotropic 
structure. The main difference came from our PNJ-DI+ and PNJ+DI- composite groups. 
Starting with our PNJ-DI+ composite, it was interesting to note that we once again 
observed a baroclinic structure with similar zonal wind anomaly magnitudes in the 
troposphere, but with significantly smaller magnitudes in the stratosphere. For the 
PNJ+DI- composite group, we started off with negative anomalies in the lower 





completely non-existent in the entire stratospheric layer. This is likely due to zonal wind 
anomalies near the wDI region cancelling out anomalies near the eDI region. 
 Figure 8 displays latitude-altitude composites of zonal-mean zonal wind 
anomalies from the 1979-2018 climatology for NDJ (Fig. 8a, c, e, g) and DJF (Fig. 8b, d, 
f, h), for each of the four composite groups. For NDJ, barotropic structures were observed 
at roughly the 30 and 60°N regions for both PNJ+DI+ (Fig. 8a) and PNJ-DI- (Fig. 8c), 
with increased (decreased) zonal wind anomalies at 60N for PNJ+DI+ (PNJ-DI-) and 
decreased (increased) zonal wind anomalies at 30N. Furthermore, for PNJ+DI+ a 
weakening of the core of the zonally-averaged jet was observed, in-tandem with a 
strengthening of the northern component of the tropospheric jet, while for PNJ-DI- a 
strengthening of the core of the zonally averaged jet was observed, alongside a 
weakening of the northern component of the jet. 
 For the PNJ-DI+ composite group (Fig. 8e), we observed a baroclinic structure 
with a slight northward shift of the core of the zonally averaged jet. For PNJ+DI- (Fig. 
8g), we noted a similar vertical structure to PNJ+DI+ (Fig. 8a) at 30 and 60°N, albeit not 
as robust with the structure at 30°N shifted a bit so as to result in a slightly more 
baroclinic structure, with the overall signal at 30°N is weak. At 60°N in the troposphere 
the signal was also quite weak, but strong and similar to PNJ+DI+ in the stratosphere. 
Furthermore, the core of the tropospheric jet appeared slightly weakened while the 
southern and northern flanks appeared strengthened. 
 For DJF, we observed vertical barotropic structures at roughly the 30 and 60°N 
regions for both PNJ+DI+ (Fig. 8b) and PNJ-DI- (Fig. 8d), similar to Figs 8a and 8c 





(decreased) zonal wind anomalies at 60°N for PNJ+DI+ (PNJ-DI-) and decreased 
(increased) zonal wind anomalies at 30°N. Furthermore, for PNJ+DI+ (Fig. 8b) we 
observed a weakening of the core of the zonally averaged jet, and a strengthening of the 
northern component of the tropospheric jet, while for PNJ-DI- (Fig. 8d) we remarked a 
strengthening of the core of the zonally averaged jet, and a weakening of the northern 
flank of the jet.  
 In Fig. 8f we discerned a baroclinic structure with a slight northward shift of the 
core of the zonal jet. This baroclinic structure is mainly apparent at 30°N, where if we 
averaged anomalies for each level from about 25-35°N, the anomalies would mostly 
cancel each other out. At 60°N the story is slightly different where we observed a 
barotropic structure from about 60°N onward. That being said, around 50-60°N the 
tropospheric anomalies nearly cancel each other out, albeit still having strong negative 
anomaly magnitudes in the stratospheric layer.  
 For PNJ+DI- (Fig. 8h), and with the focus first on the 50-60°N area, we noticed 
that the tropospheric layer was out of phase with the stratospheric one. If averaged, 
tropospheric anomalies here would be near 0, while above 250mb the positive anomalies 
in the stratosphere appeared quite uniform, indicative of a baroclinic structure and 
suggestive of a lack of coupling for this composite group. In the 25-35°N region, we once 
again saw a vertical structure where anomalies in the troposphere and stratosphere 
roughly canceled each other out, or at least visually appeared quite close to doing so. It 
should be noted that we observed a strengthening of the southern end of our zonal jet, and 
a slight strengthening in the most northern component of our zonal jet. As expected, the 





what we observed with our PNJ+DI+ (Fig. 8b) and PNJ-DI- (Fig. 8d) composite groups, 
which exhibited two regions of robust barotropic signals stretching from the surface to 
10mb. 
 It should also be noted that the barotropic structures observed at 25-35°N and 50-
60°N in Fig. 8a-d also indicate the presence of meridional wind shear, potentially 
suggesting barotropic instability which is generally understood to support a wavy 
structure. Building off of this, we compiled vertical composites of zonal-mean zonal wind 
at both 25-35°N and 50-60°N for NDJ and DJF. 
 Beginning with the two composite groups where PNJI and DI are in phase with 
one another (Fig. 9b, c), we observed barotropic structures at both 25-35°N and 50-60°N 
during NDJ and DJF. This in line with Fig. 8a-d, further highlighting the full column 
(1000-10mb) meridional wind shear observed in-between these two latitudinal bands, and 
thus potential barotropic instability. The magnitude of the zonal wind anomalies seemed 
especially large in the 50-60°N band for both composite groups (Fig. 9b, c), consistently 
increasing in both the tropospheric and stratospheric layers. The 25-35°N band still 
exhibited an increase in magnitude in the troposphere, but only slightly increased in the 
stratosphere for PNJ+DI+ (Fig. 9c), while remaining roughly constant for PNJ-DI- (Fig. 
9b). 
 In the two other composite groups where PNJI and DI are out of phase (Fig. 9a, 
d), we observed mostly baroclinic structures at both 25-35°N and 50-60°N during NDJ 
and DJF (exception at 50-60N for Fig. 9d). This is in line with Fig. 8e-h, highlighting the 
lack of meridional wind shear between these latitudinal bands. Building on this, we 





for both NDJ and DJF (similar to Fig. 4), to obtain a better picture of the potential 
barotropic instability involved. Once again, we chose 30mb for our stratospheric layer 
and 250mb for the tropospheric one to stay consistent with Figs. 2 and 4.  
 Examining PNJ+DI+ at 30mb first (Fig. 10a), we observed three distinct zonal 
rings of anomalies resembling a tri-pole structure, roughly consistent with Fig. 8a at the 
30mb level. Furthermore, consistent with Fig. 7a we observed positive zonal wind 
anomalies in our dipole region (225-285°E and 50-60°N). Looking at the 250mb level 
now (Fig. 9b), we again observed positive zonal wind anomalies consistently throughout 
our dipole region. Going beyond our DI region however, we observed a ring of circum-
global positive zonal wind anomalies in about the 50-60°N region, with a ring of negative 
values in the 25-35°N range, in-phase with the stratospheric signal above (equivalent 
barotropic structure), and thus consistent with Figs. 8a, b, 9c. Additionally, examining the 
zonal wind anomalies around the Atlantic and Pacific Jets, we observed that the highest 
magnitude anomalies seemed to be in the vicinity of either jet exit region. Furthermore, 
we’ve already shown that the vertical structure is equivalent barotropic for this composite 
(Fig. 10a, b) and can now see evidence of amplified meridional wind shear near both the 
wDI and eDI regions, further indicating barotropic instability. 
 Looking at the PNJ-DI- at 30mb for NDJ (Fig. 10c), the tri-pole structure was 
again apparent with negative zonal wind anomalies in the upper mid-latitude to polar 
region associated with a weaker SPV, positive anomalies in the subtropics, and negative 
anomalies in the tropics. In the DI region we observed uniform negative anomalies, in 
line with Fig. 7a. At the 250mb level for DJF (Fig. 10d), we had the same-signed 





expected with an equivalent barotropic structure. We also once again observed the ring of 
circum-global same-signed anomalies in the troposphere (Fig. 10d), with negative 
anomalies in the higher latitudes paired with positive anomalies in the lower latitudes, 
once again in-phase with the stratospheric signal above (Fig. 10c), and thus consistent 
with Figs. 8c, d, 9b. With regards to the Atlantic and Pacific Jets in Fig. 10d, we 
witnessed a similar pattern to our PNJ+DI+ composite group (Fig. 10b), with the highest 
magnitude anomalies (most amplified meridional wind shear) near the wDI and eDI 
regions, and more generally the jet exit regions.  
 Compare this to the PNJ-DI+ (Fig. 10e, f) and PNJ+DI- (Fig. 10g, h) composites 
which were shown to lack a clear barotropic vertical structure both latitudinal bands of 
25-35°N and 50-60°N (Figs. 8e-h, 9a, d). For PNJ-DI+ in the stratosphere (Fig. 10e), the 
zonal wind anomalies in our dipole region were in the same phase as PNJ-DI- (Fig. 10c), 
albeit relatively weak in comparison. That same region in the troposphere (Fig. 10f) was 
completely out of phase with its stratospheric counterpart (Fig. 10e), with positive 
anomalies near the wDI region, and negative anomalies in the vicinity of eDI. The 
tropospheric anomalies mostly canceled each other in our entire DI region (Figs. 7b, 10f), 
presenting with an overall baroclinic vertical structure (Figs. 7a, b, 10e, f), and thus 
disqualifying PNJ-DI+ as a candidate for barotropic instability. Furthermore, upon 
examination of the two tropospheric jets again, we observed in the eDI that the region of 
maximum zonal wind anomalies was now more concentrated in the entrance of the 
Atlantic Jet, with maximum anomalies near wDI associated with the Pacific Jet more 
concentrated in both the jet entrance and exit regions. It should also be noted that the 





DI- (Fig. 10d) were really not there, or at least not nearly as robust for this group. 
 For the PNJ+DI- composite group (Fig. 10g, h) the story was very similar to PNJ-
DI+ (Fig. 10e, f). In the stratosphere (Fig. 10g), the zonal wind anomalies in our dipole 
region were still indeed same-signed, although less amplified compared to our PNJ+DI+ 
composite group (Fig. 10a). Similarly, we once again observed a baroclinic vertical 
structure in this region (Fig. 10g, h) similar to Fig. 7a, b with negative tropospheric zonal 
wind anomalies near wDI paired with positive anomalies near eDI (Fig. 10h). Only the 
eDI region in the stratosphere and troposphere was in phase (Fig. 10g, h). Once again, the 
tropospheric zonal wind anomalies mostly canceled each other out in our DI region (Figs. 
7b, 10h). Examining the two jets once more, the highest-magnitude anomalies were 
located both in the vicinity of the jet entrance and exit region of the Pacific Jet, with 
highest anomalies found in the entrance region and core of the Atlantic Jet. It should also 
be noted that the circum-global same-phase signal present in the two composites where 
DI and PNJI are in phase, was once again devoid in this case (Fig. 10h). Furthermore, at 
both latitude ranges (25-35°N and 50-60°N) observed in the troposphere (Fig. 10h), the 
anomalies mostly cancelled each other out, with the overall baroclinic vertical structure 
further disqualifying PNJ+DI- as a potential candidate for barotropic instability as well. 
Building off of this, we then examined horizontal compositions of the full column (1000-
10mb) vertically integrated DJF zonal wind anomalies from the 1979-2018 climatology 
for each of the four composite groups. We did this in order to obtain a better picture of 
the potential barotropic instability involved not only in the DI region, but also globally.
 In the two composite groups where PNJI and DI are in phase with each other (Fig. 





ring in both the upper latitudes and subtropics/lower extratropics, in line with Fig. 10a-d. 
This dipole pattern in Fig. 11c (Fig. 11b) formed a positive (negative) anomaly ring for 
PNJ+DI+ (PNJ-DI-) in the upper latitudes, and a negative (positive) ring for PNJ+DI+ 
(PNJ-DI-) in the lower latitudes, as expected in accordance with a barotropic vertical 
structure. Furthermore, in the DI region itself, we observed large-magnitude positive 
(negative) zonal wind anomalies for PNJ+DI+ (PNJ-DI-), further indicative of the 
robustness of our barotropic structure in the region. 
 For PNJ-DI+ (Fig. 11a), we were clearly devoid of the dipole anomaly structure 
that stretches circumglobally across some latitude band, as observed with the PNJ+DI+ 
(Fig. 11c) and PNJ-DI- (Fig. 11b) composite groups. Instead, we saw a more chaotic 
signal, in accordance with what would be expected with a baroclinic vertical structure. In 
the DI region itself, we observed positive (negative) zonal wind anomalies in the wDI 
(eDI) region, with area-averaged values visually cancelling each other out. 
 Similar to PNJ-DI+ (Fig. 11a), PNJ+DI- (Fig. 11d) presented us with a lack of the 
circum-global dipole structure across some latitudinal regional band as well. Instead we 
again observed what we would expect to see with a more baroclinic vertical structure, 
with a much more chaotic overall output. In the DI region itself, we observed negative 
(positive) zonal wind anomalies in the wDI (eDI) region, with area-averaged values 
visually cancelling each other out. It should be noted that alongside the clear barotropic 
structure at 25-35°N and 50-60°N for PNJ+DI+ (Fig. 11c) and PNJ-DI- (Fig. 11b), the 
amplified same-signed meridional wind shear anomalies near both the DI reg and 
alongside circum-global latitudinal bands, further suggest a role for barotropic instability 





this focal point, we took time-altitude composites of the zonal-mean zonal wind 
anomalies at both 25-35°N (Fig. 12a, c, e, g) and 50-60°N (Fig. 12b, d, f, h), to now 
visualize the evolution of the barotropic (PNJ+DI+ and PNJ-DI-) and baroclinic (PNJ-
DI+ and PNJ+DI-) vertical structures with time. 
2.3.3  Downward migration of stratospheric anomalies 
 For Fig. 12a (Fig. 12c) or the 25-35°N PNJ+DI+ (PNJ-DI-) composite groups, we 
observed a barotropic structure in our full vertical layer with negative (positive) 
anomalies in roughly the DJF timeframe, in line with our previous results. As expected, 
for both the PNJ-DI+ (Fig. 12e) and PNJ-DI+ (Fig. 12g) groups, we saw baroclinic 
structures throughout the entire time series. 
 To obtain further evidence for barotropic instability, we would expect to see 
similar results in the 50-60°N latitudinal band, covering our DI region, and where we 
witnessed equivalent barotropic vertical structures with our zonally averaged zonal winds 
(Figs. 8, 9). For PNJ+DI+ (PNJ-DI-) we observed positive (negative) zonal wind 
anomalies during November through February in the stratosphere, with DJF once again in 
the troposphere. This suggests horizontal meridional wind shear, which further supports 
our barotropic instability hypothesis. For our PNJ-DI+ (PNJ+DI-) composite groups, we 
discerned mostly negative (positive) anomalies. For the most part, once again a baroclinic 
vertical structure was observed, but not as robust as it was in the 25-35°N range, with the 
barotropic structure only really present in November and December for our PNJ+DI- 
composite group (Fig. 12f), and February for PNJ-DI+ (Fig. 12h). 
 Figure 13 shows time-altitude evolutions of October-March composites of zonal 





2018 monthly climatology in the DI region. Starting off with Fig. 13a (Fig. 13c) or 
PNJ+DI+ (PNJ-DI-) for zonal wind anomalies, we observed downward propagating 
positive (negative) anomalies into the troposphere, with the signal being less (more) 
apparent with PNJ+DI+ (PNJ-DI-). The signal appeared to start in November for both 
PNJ+DI+ (Fig. 13a) and PNJ-DI- (Fig. 13c), with the tropospheric signal only lasting up 
until February for PNJ+DI+, while lasting through February and into March for PNJ-DI-. 
For the PNJ-DI+ (Fig. 13e) and PNJ+DI- (Fig. 13g) composite groups we did not observe 
this signal, further suggesting local coupling between the stratospheric circulation and the 
NAWD when DI and PNJI are in phase, and a lack thereof when they are not. 
 Next we looked for downward propagation of meridional wind anomalies in our 
DI region (Fig. 13b, d, f, h). Starting off with PNJ+DI+ (Fig. 13b), it was unclear whether 
or not we observed any downward propagation, but the vertical structure was still mostly 
barotropic from November through February, and even into March. Furthermore, near 
20-30mb in November, we observed a signal of opposite sign from the rest of the figure, 
which elucidated the discrepancy mentioned in Fig. 6 with our PNJ+DI+ red line not 
being as robustly barotropic as expected in our DI region for NDJ (Fig. 6a), yet looking 
robust for DJF (Fig. 6b). Looking at our PNJ-DI- composite group next, we observed a 
clear downward propagation of positive meridional wind anomalies from November into 
March, with a strong barotropic structure from November onward, which helped us 
visualize our PNJ-DI- blue line in Fig. 6 better as well, for both NDJ (Fig. 6a) and DJF 
(fig. 6b). The strong downward propagation of meridional wind anomalies further 
suggested localized coupling. It is interesting to note that in the zonal mean, meridional 





through downward propagation on the north-to-south flow of the NAWD. 
 For our PNJ-DI+ composite group (Fig. 13f) we observed a weak downward 
propagating signal in December and January, with the actual negative anomaly 
propagating downward itself over time being weak in the mid to lower stratosphere, 
suggesting that the negative anomaly signal we were observing at 250mb (Dipole level) 
in the January timeframe was not from the stratosphere. Finally, we examined our 
PNJ+DI- composite group (Fig. 13h), where once again we didn’t really see any clear-cut 
robust evidence for downward propagation of anomalies. There was a signal from 
November into December, but the signal was weak in the mid-stratosphere and only 
increased in magnitude in the lower stratosphere. Compare this to PNJ-DI- (Fig. 13d) 
where the signal was very strong in the entire vertical layer from about 700mb upward. 
Also as expected, we consistently observed baroclinic vertical structures from October 
through March for both the PNJ-DI+ (Fig. 13f) and PNJ+DI- (Fig. 13h) composite 
groups. To further investigate this final focal point, we conducted the same analysis with 
geopotential height in both the wDI (Fig. 13a, c, e, g) and eDI (Fig. 13b, d, f, h) regions.
 In the wDI region of Fig. 4a, b we observed an opposite-sign signal between or 
30mb NDJ (Fig. 4a) and 250mb DJF (Fig. 4b) geopotential height anomaly, which we 
again observed in the wDI region of the PNJ+DI+ composite in Fig. 14a. Overall, we saw 
a baroclinic vertical structure in December with positive geopotential height anomalies in 
the troposphere paired with negative anomalies in the stratosphere. Furthermore, we 
didn’t see any evidence of downward propagating height anomalies. For PNJ-DI- (Fig. 
14c) the story was different as talked about with Figure 4. Even though the signal was 





our defined wDI region, starting in November and lasting through February into March.
 For our PNJ-DI+ (Fig. 14e) and PNJ+DI- (Fig. 14g) groups, we once again 
observed almost no downward propagating geopotential height anomalies from the 
stratosphere with an overall baroclinic structure consistently observed throughout our 
time series; especially for the PNJ+DI- composite group (Fig. 14g). 
 In Fig. 4a-d we observed strong evidence for localized coupling through an 
equivalent barotropic vertical structure in the eDI region for both the PNJ+DI+ (Fig. 4a, 
b) and PNJ-DI- (Fig. 4c, d) composite groups. We also observed this with the PNJ+DI- 
(Fig. 4g, h) composite group, but the same-phase signal from the stratospheric component 
was not due directly to the strengthening of the SPV itself, in the core polar region, as 
was observed with the PNJ+DI+ (Fig. 4a, b) group. Now in Fig. 14b, for the PNJ+DI+ 
group we saw a robust equivalent barotropic vertical structure from about November 
onward but not much in the way of downward propagation. Our PNJ-DI- (Fig.14d) 
composite was completely in-line with the rest of our results regarding downward 
migration of signals. We observed clear evidence of downward propagation of height 
anomalies in our eDI region from November through February, in line with the results 
obtained in Fig. 4c, d. Finally, with our PNJ-DI+ (Fig. 14f) and PNJ+DI- (Fig. 14h) 
composite groups we were once again devoid of any downward propagating geopotential 
height anomalies, with a robust baroclinic vertical structure present throughout our time 
series with PNJ-DI+ (Fig. 14f), paired with a mostly noisy signal with PNJ+DI- (Fig. 
14h). 
 
2.4  Summary and discussion 





the NAWD through localized coupling, visualized through an equivalent barotropic 
vertical structure, barotropic instability, and through downward propagation of 
anomalies. To accomplish this, we produced 4 composite groups, with two groups 
representing the constructive interference of the phases of PNJI & DI, with the other two 
representatives of the destructive interference of phases. Through Figs. 4-7 we provided 
evidence of barotropic vertical structures for the PNJ+DI+ and PNJ-DI- composite 
groups, compared to baroclinic vertical structures for the PNJ-DI+ and PNJ+DI- groups. 
We expanded on this idea in Figs. 8-12 by providing evidence of barotropic instability for 
the PNJ+DI+ and PNJ-DI- composite groups, visualized through the added meridional 
wind shear of zonal wind anomalies between the 25-35°N and 50-60°N latitudinal bands. 
And finally, through Figs. 13 and 14 we attempted to present downward propagation of 
zonal wind, meridional wind, and geopotential height anomalies locally in the DI region 
for the PNJ+DI+ and PNJ-DI- composite groups, with the PNJ-DI- group presenting with 
the most robust evidence for such. Overall, the results suggest that the stratospheric 
circulation is coupled with the NAWD when PNJI and DI are in the same phase, and that 
they are not when they are out of phase. 
 In Figure 2 we showed that stratospheric PNJI leads tropospheric DI associated 
with variability of the NAWD, with the highest correlation values between the two 
indices found when PNJI leads DI by 1 month. Although the highest correlation value of 
0.34 at the 30mb level isn’t particularly high, it is still statistically significant at the 95% 
level, suggesting that the stratospheric circulation can lead DI. This is similar to Kodera 
and Koide (1997) who found that stratospheric variability leads Atlantic variability by 





(1999) expanded on the results from Kodera and Koide (1997) by finding a statistically 
significant correlation of positive 0.46 with the DJF tropospheric North Atlantic 
Oscillation (NAO). Furthermore, a recent study by Nie et al. (2019) found that an initial 
stratospheric zonal wind anomaly during November plays a role in winter NAO 
predictability through downward propagation of initial conditions. Given our positive 
correlation of 0.34, we would then expect to find the best evidence for coupling when our 
two indices constructively overlap in the same phase, compared with when they 
destructively overlap in the opposite phase.  
 In line with this hypothesis, equivalent barotropic vertical geopotential height 
structures are observed for the two composite groups representing the two indices in 
phase (Fig. 4a-d), with baroclinic vertical height structures observed for the other two 
groups that are out of phase (Fig. 4e-h). It is interesting to note the similar SPV geometric 
structures comprised of an elongated tilt with extrema over Eurasia and North America 
for the two indices in phase (Fig. 4a, c), contrasted with the two indices out of phase, 
which according to Kim et al. (2020), is important for understanding SPV variability. As 
a direct by-product of this tilt, we see the a same-signed signal most profoundly over the 
eDI region for PNJ+DI+ (PNJ-DI-), with the tropospheric pattern also resembling that of 
a west-based positive (negative) NAO pattern. It is interesting to note the NAO signal, or 
regional manifestation of the Arctic Oscillation (Vallis et al. 2004), since this is 
consistent with several other studies that found that a strong (weak) SPV tends to 
manifest in tropospheric anomalies resembling that of positive (negative) phase of the 
NAO (Baldwin and Dunkerton 2001; Polvani and Waugh 2004; Shaw and Perlwitz 





completely different, alongside the tropospheric geopotential height anomalies being out 
of phase with their stratospheric counterparts, but there is also no, or rather a weak and 
eastward-shifted tropospheric NAO signal present.  
 The potential concurrent stratospheric relationship with the NAWD and NAO 
deems further study. Referencing back to the geometry of the SPV, the slight tilt of the 
SPV in PNJ+DI+ (PNJ-DI-) results in negative (positive) meridional wind anomalies in 
the DI region (area-averaged geopotential height from 225-285°E and 50-60°N), in-line 
with its tropospheric counterpart, and associated with a more (less) amplified north-south 
flow regime. The geometric structures of PNJ-DI+ and PNJ+DI-, however, manifest in 
stratospheric meridional wind anomalies in the DI region that seem to be out of phase 
with their tropospheric counterparts, further supporting the importance of the PNJ+DI+ 
and PNJ-DI- composite groups. We clearly observed this with regards to the different 
representations of the meridional wind anomaly composites in Figs. 5 and 6, further 
suggesting barotropic coupling for PNJ+DI+ and PNJ-DI-, and a lack thereof for PNJ-
DI+ and PNJ+DI-. That being said, the meridional wind anomalies in NDJ (Fig. 6a) are 
more robust for PNJ-DI- than PNJ+DI+, with anomaly magnitudes consistently 
increasing with height in the stratosphere for PNJ-DI-, while decreasing for PNJ+DI+, 
albeit still remaining barotropic throughout most of the stratosphere. One plausible 
explanation for this may be through a difference in the actual coupling mechanism 
involved. Virtually all stratosphere-troposphere coupling events are initiated by vertically 
propagating waves from the troposphere (Haynes 2005; Shaw and Perlwitz 2013), where 
they either break and deposit their momentum, followed by downward-propagating, 





Marshall and Scaife 2010; Plumb and Semeniuk 2003), or are reflected back down 
toward the troposphere through planetary wave reflection where they can alter the 
structure of tropospheric planetary waves, including those associated with the NAWD 
(Kodera et al. 2016; Kretschmer et al. 2018; Lubis et al. 2016, 2017, 2018a; Perlwitz and 
Harnik 2003, 2004; Shaw et al. 2010; Shaw and Perlwitz 2013). The former is generally 
associated with major SSW’s (Baldwin and Dunkerton 2001), with the latter affiliated 
with both SSW’s and strong SPV states (Kodera et al. 2016; Kretchmer et al. 2018b). In-
line with our expectations, we observed similar results for area-averaged zonal wind 
anomalies in the DI region, with equivalent barotropic structures for PNJ+DI+ and PNJ-
DI-, and baroclinic structures for PNJ-DI+ and PNJ+DI-.  
 Next we note that the principal mode of stratospheric variability is the disparity in 
the strength of the SPV, with the tropospheric jet displaced poleward when the SPV is 
strengthened, and equatorward when it is weakened (Kidston et al. 2015). In-line with 
this claim, we observed similar strengthening (weakening) signatures near the 
climatological core of the SPV for each of the PNJ+ (PNJ-) groups in Fig. 8, but with 
very different tropospheric signatures dependent on the sign of DI. The vertical signature 
of the high-latitude tropospheric zonal wind anomalies exhibits poleward-tilting 
barotropic structures for PNJ+DI+ and PNJ-DI- during both NDJ and DJF, coinciding 
with strong stratosphere-troposphere coupling (Lubis et al. 2018b). Contrast this with 
PNJ-DI+, which exhibits an equatorward-tilting barotropic structure for both seasonal 
means, and PNJ+DI- which has a poleward-tilting structure for NDJ, which then weakens 
significantly in DJF, mostly replacing its tropospheric barotropic signal with a weak 





tropospheric response is only weakly correlated with the magnitude of the original 
stratospheric anomaly. Furthermore, we observe barotropic vertical structures for 
PNJ+DI+ and PNJ-DI- at around 30°N, or core of the tropospheric zonal-mean jet, and a 
lack thereof for PNJ-DI+ and PNJ+DI-. Given the vertical column of negative (positive) 
zonal-mean zonal wind anomalies at roughly 30°N for PNJ+DI+ (PNJ-DI-), and positive 
(negative) anomalies at 60°N, we now observe a zonal structure consistent with 
meridional wind shear, which is indicative of barotropic instability and thus can 
potentially support an amplification in either direction of an already wavy structure, such 
as the NAWD. This pattern is clearly not found in PNJ-DI+ and PNJ+DI-. By taking 
latitudinal averages at both 25-35°N and 50-60°N, we better observe the barotropic 
vertical structure and meridional wind shear for PNJ+DI+ and PNJ-DI-, and the absence 
of for PNJ-DI+ and PNJ+DI-.  
 In the horizontal expansions we see the relatively uniform circumglobal rings of 
anomalies in both the stratosphere and troposphere for PNJ+DI+ and PNJ-DI-, and with a 
similar pattern only really in the stratosphere for PNJ-DI+ and PNJ+DI-. It is also 
interesting to note that we see a northward (southward) shift of the Atlantic and Pacific 
jet exit regions for PNJ+DI+ (PNJ-DI-), where the highest magnitude of either jet’s 
anomaly seems to be both near the wDI and eDI regions. These latitudinal shifts of either 
jet exit region correspond with shifts in the eddy-driven component of the jet, resembling 
the zonal wind anomalies of the West Pacific pattern (WP) in the Pacific region, and 
NAO in the Atlantic (Li and Wettstein 2011), which also correspond with the strength of 
the SPV (Kidston et al. 2015; Thompson and Wallace 2001). This is clearly not the case 





and eDI regions for each composite group, with the strongest anomalies in both 
tropospheric jets located in different regions compared to PNJ+DI+ and PNJ-DI-. By 
taking the full-column vertical integration of these zonal wind anomalies in Fig. 11, we 
further highlighted the points just mentioned. And finally, by taking time-altitude 
expansions of zonal-mean zonal wind anomalies in both the 25-35°N and 50-60°N 
regions, we further expanded on this point of barotropic instability by highlighting the 
time-evolution of both the barotropic and meridional wind shear structures during the 
active coupling season DJF (Kidston et al. 2015). 
 While previous research has focused on downward propagation of extratropical 
zonal-mean anomalies or AO/NAM Index (Baldwin and Dunkerton 1999, 2001; White et 
al. 2019), our results in Figs. 13 and 14 may be suggesting a local impact in the DI region 
as well. Undoubtedly, the signal is much more robust for PNJ-DI- than for PNJ+DI+. As 
previously mentioned, this may be due to a difference in the actual coupling mechanism 
involved, where vertically propagating waves from the troposphere either break and 
deposit their momentum in the stratosphere inducing downward propagating anomalies, 
or are reflected back down into the troposphere, where they alter the structure of the 
tropospheric planetary waves (Perlwitz and Harnik 2004; Lubis et al. 2018a). According 
to Kodera et al. (2016), wave reflection can induce strong westerlies over the north 
Atlantic consistent with a positive NAO (Lubis et al. 2016a, 2018a), and troughing near 
the Atlantic paired with blocking in the north Pacific, both of which are consistent with 
our results for PNJ+DI+ (Figs 4b, 10b, 11c). This dipole geopotential height structure is 
strongly associated with cold air outbreaks over eastern North America (Wang et al. 





between this height structure and the lower SPV zonal-mean zonal winds. Wave 
reflection events are associated with zonally asymmetric vortex states that exhibit a 
localized response dependent on the initial location of upward propagating waves, with 
Kretchmer et al. (2018b) finding a strong relationship between downward reflected waves 
over Canada, and a height regime with stark similarities to that of a positive NAWD, 
highly conducive for anomalous cold air outbreaks. Although Figures 13a and 14b which 
correspond to time-altitude developments of zonal wind and geopotential height 
anomalies for PNJ+DI+ in the DI region and eDI respectively, show robust equivalent 
barotropic vertical structures during DJF, we don’t see any robust evidence of downward 
propagation with time. it should be noted that Shaw and Perlwitz (2013) stressed that it is 
multiple wave reflection events that exhibit the strongest tropospheric response on 
intraseasonal to seasonal scales, as the life cycle of this coupling mechanism is only 
about a week or two (Kretchmer et al. 2018b). Given that we used monthly data to 
compute the seasonal NDJ and DJF means for our analysis, it is possible that the time-
altitude structure of PNJ+DI+ in Figures 13a and 14b can be explained by multiple wave 
reflection events where individual signals are being attenuated by the monthly mean. This 
is certainly something that deems further study. Contrary to short bursts linked with 
wave-reflection, downward propagating signals brought on by severely perturbed SPV 
states have much longer coupling timescales of around 1-2 months (Baldwin and 
Dunkerton 2001), exhibiting a tropospheric responses of sharp similarity, but opposite to 
downward wave coupling brought on by planetary wave reflection (Shaw and Perlwitz 
2013). In line with this, Figs. 13 and 14 show clear downward propagation of zonal wind, 





active coupling season DJF, we note 9 SSW’s for this composite group of 6 members, 
compared with only 3 with PNJ+DI+ (Table 1, Wang et al. 2017b). Given the long active 
coupling timescale of downward propagating anomalies associated with major SSW’s, it 
is plausible to attribute the robust signal in Figs. 13c, d and 14d to the mechanism 
associated with Rossby wave breaking, which exhibits transparent downward migration 
with time. Compare PNJ+DI+ (PNJ-DI-) to PNJ+DI- (PNJ-DI+) which exhibits similar 
zonal-mean zonal wind anomalies near the SPV core (Fig. 8), but with very different time 
evolution signatures in both the zonal mean (Fig. 12), and in the vicinity of the NAWD 
(Figs. 13 and 14). This relates back to the aforementioned finding by Runde et al. (2016), 
who showed that the tropospheric response is relatively independent of the magnitude of 
the perturbation in the stratospheric circulation. Regardless of the exact mechanism, what 
exactly determines whether or not a perturbation in the stratosphere will directly impact 
the troposphere is yet to be determined. Nevertheless, our results seem consistent with the 
idea that impactful coupling is present between the stratospheric circulation and NAWD 
when the two indices used to represent them (PNJI and DI respectively), constructively 
overlap in the same phase, with any meaningful signal for coupling being void when they 
are out of phase.  
 Due to the lack of reliable stratospheric data associated with the absence of 
satellites before 1979 however, each composite group is only comprised of a minimal 
amount of datapoints, reducing the statistical significance of our results. Furthermore, the 
generalizability of the results is limited by the observation that our study doesn’t answer 
if the stratospheric circulation is directly forcing the phase of DI, or if it plays a larger 





on by some more impactful forcing from some other region(s). It is a well-known fact 
that the tropics play an integral role in modulating the mid-latitude circulation and 
blocking phenomena at timescales ranging from daily to decadal. Similarly, with respect 
to stratosphere-troposphere coupling, although there is still not enough understood to 
deem it past a phenomenon, it has become clear that the tropospheric response (if and 
when there is any), manifests through certain properties that share similarities across 
temporal intervals ranging from weekly to centennial timescales (Kidston et al. 2015). 
Furthermore, it should be noted that it is common for wave reflection and SSW events to 
coexist throughout the same winter (Kodera et al. 2013; Kretchmer et al. 2018a), so it is 
possible that focusing our analysis on NDJ and DJF averages intrinsically diminishes 
pertinent signals. Finally, we note that in-tandem with current global warming and 
resultant Arctic Amplification, the SPV has shifted toward more frequent weak vortex 
states associated with an increase in frequency of SSW’s, rather than an overall 
weakening of the SPV (Kretchmer at al. 2018a). In-tandem with current anthropogenic 
warming this trend is expected to continue through an increase in the frequency of 
SSW’s, with wave reflection events and their impact on the tropospheric circulation 







Fig. 1  Detrended vertical composition correlations between zonal-mean zonal wind for a 
November/December/January (NDJ) and b December/January/February (DJF) seasonal 
averages with DJF Dipole Index (DI) from 1979-2018. DI is calculated by taking the 
area-averaged 250mb geopotential height at 225-230°E and 50-55°N and subtracting by 
the area-averaged 250mb geopotential height at 280-285°E and 55-60°N. Correlation 
values are shaded with contours for the 1979-2018 zonal-mean zonal wind climatology 







Fig. 2  Lead/lag vertical composition correlations between the zonal-mean zonal wind at 
65°N and Dipole Index (DI) from 1979-2018. In a the zonal-mean zonal wind at 65°N is 
varying with green dots representing October/November/December (OND) averages, 
orange dots NDJ averages, and blue dots DJF averages, while DI stays constant with DJF 
averages. In b DI is varying with green dots representing OND averages, orange dots 
NDJ averages, and blue dots DJF averages, while the zonal-mean zonal wind at 65°N 
stays constant with NDJ averages. Yellow shading represents statistical significance at 






Fig. 3  Scatter plot with normalized 30mb NDJ zonal-mean zonal wind at 65°N (x-axis), 







Fig. 4  Horizontal composites of a, c, e, g 30mb NDJ and b, d, f, h 250mb DJF real wind 
(vectors) and geopotential height (shading) anomalies from the 1979-2018 climatology 
for a, b PNJ+DI+ c, d PNJ-DI- e, f PNJ-DI+ and g, h PNJ+DI- composite groups. Red 






Fig. 5  1000-10mb full column vertically integrated DJF meridional wind anomalies 
(shading) from the 1979-2018 climatology, for a PNJ-DI+ b PNJ-DI- c PNJ+DI+ d 






Fig. 6  Vertical compositions of a NDJ and b DJF meridional wind anomalies for each 
composite group from the 1979-2018 climatology in the DI region (area-averaged 250mb 
geopotential height at 225-285°E and 50-60°N). ++ corresponds to PNJ+DI+, -- with 












Fig. 8  Latitude-altitude composites of a, c, e, g NDJ and b, d, f, h DJF zonal-mean zonal 
wind anomalies (shading) from the 1979-2018 climatology (contours), for a, b PNJ+DI+ 






Fig. 9  Vertical compositions of zonal-mean zonal wind at 25-35°N (blue contours), and 
50-60°N (red contours) during NDJ (dashed) and DJF (solid), for a PNJ-DI+ b PNJ-DI- c 






Fig. 10  Horizontal compositions of a, c, e, g 30mb NDJ and b, d, f, h 250mb DJF zonal 
wind anomalies (shading) from the 1979-2018 climatology (contours), for a, b PNJ+DI+ 












Fig. 12  Time-altitude October-March expansions of a, c, e, g 25-35°N and b, d, f, h 50-
60°N zonal-mean zonal wind anomalies (shading) from the 1979-2018 October-March 
monthly climatology, for a, b PNJ+DI+ c, d PNJ-DI- e, f PNJ-DI+ and g, h PNJ+DI- 






Fig. 13  Time-altitude October-March expansions of a, c, e, g zonal wind and b, d, f, h 
meridional wind anomalies (shading) from the 1979-2018 October-March monthly 
climatology in the DI Region, for a, b PNJ+DI+ c, d PNJ-DI- e, f PNJ-DI+ and g, h 






Fig. 14  Same as Fig. 13 but with geopotential height. a, c, e, g is in the vicinity of the 
ridge (area-averaged geopotential height at 225-230°E and 50-55°N), and b, d, f, h is 











 In this study we have examined the relationship between the NAWD and the 
stratospheric circulation, finding evidence for seasonal stratosphere-troposphere coupling 
during NDJ and DJF when PNJI and DI are in phase with one another, and a lack thereof 
when they are not. Equivalent barotropic vertical structures, and some evidence for 
downward propagation of stratospheric anomalies are in general observed for zonal wind, 
meridional wind, and geopotential height when the phases of our two indices 
constructively overlap, and a lack there-of when they destructively overlap. With respect 
to zonal-mean zonal wind anomalies at the 50-60°N mark, interestingly, downward 
propagation is observed during Boreal winter for both composite groups representing the 
constructive phase overlap for our two indices. Compare this to downward migration in 
the DI region, where downward propagating anomalies are observed for the constructive 
overlapping of the negative phase group, which are most likely associated with major 
SSW’s, while weak anomalies are observed for any variable other than zonal wind for the 
constructive overlapping of the positive phase group. This may be suggesting a difference 
in the actual forcing mechanism that establishes the coupling between the stratospheric 
circulation and the NAWD, for the PNJ+ group versus the PNJ- group. 
 It is reasonable to assume that gaining a better understanding of the coupling 
mechanism involved between the stratospheric circulation and the NAWD will ultimately 
result in the betterment of society as a whole. As discussed earlier, the NAWD has been 
linked with anything from extreme cold air outbreaks in eastern North America, to 





coupling mechanism involved in different years, the overall cost to society in the region 
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